To investigate the feasibility of measuring myocardial T2 at 3 Tesla for assessment of tissue iron in thalassemia major and other iron overloaded patients.
THALASSEMIA, THE MOST common monogenic disease, is caused by defective and imbalanced production of globin, the protein component of hemoglobin (1, 2) . Some severely affected individuals develop iron overload as a consequence of regular red blood cell transfusion. Progressive iron accumulation eventually produces potentially lethal injury in the heart, liver, pancreas, and other organs; overall, approximately 67% of patients with thalassemia major die of heart disease (3). Chelating agents being able to bind the excess iron and promote its excretion have been developed, but reliable means to evaluate the effectiveness of treatment are urgently needed because repeated biopsies of liver and heart are not practical clinically (4, 5) .
In the past decade, considerable efforts have been made to develop MRI as a safe, noninvasive, reliable, and quantitative means of measuring tissue iron in various patients with iron overload (6 -12) . The application of the MR transverse relaxation times T2* and T2 (or the corresponding rates R2* ϭ 1/T2* and R2 ϭ 1/T2) has been successfully demonstrated by several groups for quantitative assessment of the iron concen-tration in the heart and liver, and mainly at low magnetic field strength (1.5 Tesla [T] or less) (7) (8) (9) (12) (13) (14) (15) (16) (17) (18) (19) . T2* measurement can be routinely performed with a single-breathhold multi-echo gradient echo (MEGE) acquisition. However, it is known to be more sensitive to static magnetic field (B0) inhomogeneity and susceptibility effects from the lung-heart interface (20) and possibly the boundaries of cardiac veins (21) . Clinically, T2* measurement of myocardial iron is presently the gold standard for monitoring and adjusting chelation in thalassemia patients. In comparison, reliable measurement of myocardial T2 often requires long image acquisition time with single spin-echo (SE) sequences (12) . More recent development includes the use of respiratory-navigated free-breathing multi-echo spin-echo (MESE) or accelerated single-breathhold MESE acquisitions (14, 15, 22, 23) .
With a signal-to-noise ratio (SNR) increase and several other technical improvements, 3T MRI has become an increasingly available and accepted platform for routine clinical investigations and services. However, quantitative cardiac MR at 3T is technically challenging, in part because of substantially increased B0 and B1 inhomogeneity and specific absorption rate (SAR) (24 -28) . In a recent study, T2* has been investigated and calibrated against liver iron concentration from liver biopsies at 3T (29) . However, T2* decreases substantially at 3T, thereby making it difficult to measure the heart and liver T2* reliably in patients with severe iron overload. Although a previous study has shown that T2 is a highly specific index for iron deposition (30) , quantitation of myocardial T2 at 3T has not been reported so far in either normal subjects or patients with thalassemia major and other transfusion-related hemosiderosis.
In this study, we aimed to investigate the feasibility of quantifying myocardial T2 at 3T in thalassemia and iron overloaded patients using a single-breathhold MESE sequence. Both T2 and T2* measurements at 3T were compared with those obtained at 1.5T in the same patients.
MATERIALS AND METHODS

3T MRI Protocol
A single-breathhold electrocardiogram (ECG) -triggered spin-echo sequence was implemented to map myocardial T2 on a 3T MRI scanner (Philips Achieva) with a six-channel cardiac coil. It was an accelerated MESE sequence (14,23) with a turbo factor of 2, partial Fourier and sensitivity encoding (SENSE) acquisition, permitting single-slice multi-echo T2 mapping within a single end-expiratory breathhold (ϳ15 cardiac cycles). In brief, 2 k-space lines were acquired per TR (ϭ1 cardiac cycle) for each effective echo time. Both the first echo time and the echo spacing (between adjacent echoes) were chosen to be 5 ms. They were largely limited by the minimum duration of the selective 180°radio-frequency (RF) pulse, which was in turn limited by the maximum B1 of 13.5 T (associated with 25 kW peak RF power) for body RF transmission. With turbo factor of 2 and an odd echo occupying the central k-space line, the first effective echo time (TE) was 5 ms and subsequent effective inter-echo spacing 10 ms. The total echo numbers were limited by the maximum allowable SAR and heart rates. Typically, they ranged from 10 to 12 (i.e., 5 to 6 echo images accordingly) for normal subjects and 8 to 12 for patients. Other parameters were acquisition matrix ϭ 128 ϫ 96, SENSE factor ϭ 2, partial Fourier factor ϭ 0.6, repetition time (TR) ϭ 750 -1200 ms, field of view (FOV) ϭ 370 -400 mm (dependent on patient size), and slice thickness ϭ 10 mm for 90°ex-citation. Slice thickness of 30 mm was chosen for 180°r efocusing to minimize the stimulated echo effects (31, 32) . ECG trigger delay was set to the late diastole to minimize the effect of cardiac wall motion. A doubleinversion black-blood technique was incorporated to reduce flow artifact and enhance left ventricular (LV) wall delineation (14, 33, 34) . To achieve minimum TE, a 1.97-ms 90°self-refocusing excitation pulse was used together with a 1.52-ms 180°refocusing pulse. Gradient crushers were applied around each refocusing pulse along all three directions with 0.68-ms duration and intra-voxel phase dispersion of 8.5 (35) along each direction. The slice was positioned to cover the short-axis LV view at mid-ventricular level, which also included part of the liver. Before T2 mapping, B0 shimming was performed in a three-dimensional (3D) volume covering the whole heart region. To improve the T2 measurement precision, the single-breathhold acquisition described above was repeated three times at the same slice location during each exam for each subject. The three repeated trials or measurements were analyzed to obtain the average myocardial and liver T2. T2* mapping was also performed in the same imaging slice using a ECG-triggered multi-echo MEGE sequence (13) with a single end-expiratory breathhold (ϳ9 cardiac cycles). Relevant imaging parameters were echo number ϭ 25, flip angle ϭ 20°, turbo field echo factor ϭ 4, and black-blood preparation. For normal subjects, the first TE and subsequent echo spacing were set to 3 ms and 2 ms, respectively. For patients, they were 1.56 -2 ms and 1-2 ms, respectively, depending on the severity of iron overload in heart.
Analysis Procedure
For analysis, a region of interest (ROI) was placed within the interventricular septum and within the liver. For the liver, regions with large blood vessels were excluded from the ROI. T2 and T2* values were calculated by nonlinear curve fitting of the ROI signals to a monoexponential model with floating baseline noise (36,37) using a customized software programmed in Matlab (The MathWorks, Inc., Natick, MA). To quantify T2, identical heart or liver ROIs were used to analyze the three single-breathhold acquisitions but with slight position adjustments to account for the motion between the three breathholds. The mean T2 values were then calculated from the three measurements.
MRI Data Acquisitions
The MESE T2 mapping sequence was first used to quantify the T2 value in the 2% agarose gel phantoms with varying MnCl 2 concentrations (0 to 1 mM with 0.1 mM increments). The sequence parameters were FOV ϭ 240 mm, thickness ϭ 10 mm and TR ϭ 1 s with one repetition only.
Before patient study, eight normal subjects (23-31 years with mean age 25.8 Ϯ 2.9 years) were scanned to measure normal myocardial T2. To assess the measurement reproducibility, T2 values were measured in two of eight normal subjects on 3 different days within 1 week. To examine the effect of B1 inhomogeneity on myocardial T2 quantitation, one subject was scanned with six different flip angle sets by using six RF calibration scaling factors (0.7, 0.8, 0.9, 1.0, 1.1, and 1.2, respectively, with 1.0 corresponding to the automatic scanner calibration based on the total MR signal within the imaging slice).
A total of 24 patients (14 -73 years old; mean age, 38.0 Ϯ 15.6 years) with varying levels of iron overload, including 11 thalassemia major, 3 myelodysplasia/ aplastic anemia, and 10 post-bone marrow transplant cases, were studied together with 2 normal subjects for myocardium and liver T2 and T2*. To minimize intersubject and intra-subject variation, all subjects were trained for the end-expiratory breathhold procedure before MRI data acquisition.
These 24 patients were serially assessed in previously reported studies in which all their myocardium and liver T2*, liver T2, and most myocardium T2 values were determined on a 1.5T Siemens scanner using similar single-breathhold MESE and MEGE sequences (15,38 -40) . The cases were chosen to cover a wide range of iron overload. In brief, the turbo MESE sequence involved the following key parameters: 36 echoes with a turbo factor of 3; single breathhold time of ϳ18 s; acquisition matrix, 64 ϫ 128; nonselective 180°r efocusing pulse; and crusher gradients along the slice selection and phase encoding directions only. For the heart T2* measurement, the MEGE had flip angle ϭ 20°, slice thickness ϭ 10 mm, image matrix ϭ 256 ϫ 128, the first TE ϭ 2.6 ms, echo spacing ϭ 2.02 ms, echo number ϭ 8, FOV ϭ 400 mm, and one breathhold of 18 s (8). For the liver, the MEGE had flip angle ϭ 20°, slice thickness ϭ 10 mm, image matrix ϭ 128 ϫ 128, the first TE ϭ 1.07 ms, echo spacing ϭ 0.76 ms, echo number ϭ 20, FOV ϭ 360 mm, and one breathhold of 13 s (8) . Note that the time lapses between the 1.5T and 3T scans ranged from 59 to 176 days with a mean of 97 Ϯ 29.9 days for the 24 patients studied. For the 11 thalassemia major and 2 myelodysplasia cases, the interval stable treatments consisted of regular transfusion (2 to 3 units red cell per month) and daily chelation (deferoxamine: n ϭ 4; deferiprone: n ϭ 4; deferoxamine and deferiprone combination: n ϭ 4; and deferasirox: n ϭ 1), and there was no major fluctuation in ferritin levels between the two scans. The other 11 patients had no transfusion or chelation between the two scans. Figure 1 shows that relaxation rate R2 (ϭ1/T2) value increased linearly with MnCl 2 concentration in the gel phantoms (R ϭ 0.999 and P Ͻ 0.0001), indicating the robustness of T2 measurement by the turbo MESE protocol. Multi-echo images were typically seen free of artifacts. The transverse relaxivity was measured as 103.5 s
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previously reported for 1.5T (12) for aqueous MnCl2. Figure 2a illustrates the representative MESE images from three consecutive acquisitions (i.e., three trials with three different breathholds during a single MRI exam) in one patient. Figure 2b ,c shows the corresponding signal intensities with echo time in the septal myocardium and liver ROIs, respectively, demonstrating excellent monoexponential decay behavior and reproducibility among three trials or measurements during the MRI exam. Note that the zigzag decay often observed by traditional MESE CPMG (Carr-Purcell Meiboom-Gill) sequences was absent here because both odd echo and the following even echo were combined (i.e., turbo factor ϭ 2) with the central k-space line occupied by an odd echo.
The reproducibility of the data acquired from the two normal subjects was analyzed for inter-trial or intraexam variation among the three repeats (during the same exam) and inter-exam variation among the three exams performed on different days. The results are shown in Figure 3 . The intra-exam T2 peak-to-peak variations were 2.6 Ϯ 1.3% and 3.7 Ϯ 2.5%, respectively, for the two subjects. Their inter-exam peak-topeak variations were 3.1% and 4.4%, respectively. Thus the mean peak-to-peak intra-exam and inter-exam variations were 3.2% and 3.8%, respectively. Although limited, these results demonstrated a reasonable reproducibility in myocardial T2 measurements. Figure 4 shows the effect of varying B1 on myocardial T2 quantitation in one normal subject. Different flip angle sets or B1 scaling factors led to substantial variations in T2 measurements, which was likely due to the increased contribution and interference from stimulated echoes in MESE signal decays. However, the peak-to-peak T2 variation was seen to be small and within 4.8% for B1 scaling between 0.9 and 1.2 (and within 9.4% for 0.8 -1.2). This finding suggested that B1 inhomogeneity, particularly the underflipping reported in myocardium at 3T (25, 28) , may have limited effect on the myocardial T2 quantitation using the specific protocol in the current study. Figure 5 shows the representative MESE images from a patient with mild iron overload, exhibiting no apparent image artifacts. The T2 and T2* maps from this patient, and those from a normal subject and a patient with severe iron overload are shown in Figure 6 .
The average myocardial T2 was found to be 39.6 Ϯ 7.4 ms among the eight normal subjects studied. The average coefficient of variation (CV) of the three repeated measurements was 4.6%. The average myocardial T2* was 32.7 Ϯ 3.6 ms in the two normal subjects examined, consistent with that (33.3 Ϯ 4.0 ms) previously reported at 3T (29) .
Among the 24 iron overloaded patients recruited for this study, T2* value could not be reliably determined with the 3T T2* protocol in certain severely iron overloaded patients with T2* Ͻ 2 ms (heart, n ϭ 6; liver, n ϭ 8). Among the analyzable cases, the myocardial T2 ranged from 12.9 ms to 50.1 ms (mean, 31.9 Ϯ 13.4 ms), and T2* ranged from 2.7 ms to 41.7 ms (mean 17.3 Ϯ 12.0 ms). For liver, T2 and T2* ranges were found to be 10.4 -32.3 ms (mean 17.6 Ϯ 6.8 ms) and 1.2-7.4 ms (mean 3.5 Ϯ 2.0 ms), respectively. The average CV of the 3 repeated measurements was 8.8% and 2.4% for the heart and liver T2, respectively. Figure 7a ,b shows the relationship between T2 and T2* at 3T in heart and liver, respectively. Without assuming the distribution of the measurements, Spearman-rho analysis revealed high correlations between T2 and T2* measurements with ϭ 0.93 (P Ͻ 0.0001) and ϭ 0.95 (P Ͻ 0.0001) for heart and liver, respectively. For the heart, all measurement points were found to fit well to a quadratic curve (R ϭ 0.95). In addition, linear fitting was performed for the patients with T2* Յ 12 ms, yielding a T2 over T2* slope of 1.56 Ϯ 0.35 (R ϭ 0.89) as shown by the straight line in Figure  7a . Similarly, all liver measurements were found to fit the curvilinear line well with R ϭ 0.94. Within an arbitrarily chosen range of T2* Յ 6 ms, liver T2 and T2* were found to correlate linearly with a slope of 3.12 Ϯ 0.56 (R ϭ 0.85) as shown in Figure 7b . Figure 7c plots the 3T T2* versus 1.5T T2* in heart, showing a linear correlation with a slope of 0.61 Ϯ 0.03 (R ϭ 0.95) and zero intercept. As shown in Figure 7d , T2 measurements at two field strengths exhibited a close correlation by Spearman-rho analysis with ϭ 0.91 (P Ͻ 0.0001). Linear fitting was also performed, yielding a slope of 0.91 Ϯ 0.06 (R ϭ 0.96).
DISCUSSION
In this study, we measured the myocardium and liver T2 by using a black-blood single-breathhold accelerated MESE sequence in both normal volunteers and patients with varying iron overloads. Myocardium T2 at 3T was documented for the first time. The myocardial T2 quantitation was largely reproducible in two volunteers studied on different days. It was also observed to be relatively robust in the presence of the B1 variations (up to Ϯ20%) with the specific T2 measurement protocol used in this study.
Myocardial T2 values were successfully measured at 3T in 24 iron overloaded patients with varying levels of iron overloads in heart. For both heart and liver, a quadratic relationship between T2 and T2* was observed across the entire range, while it was mostly linear for small T2 and T2* values. Such correlations were qualitatively similar to those reported in a recent 1.5T study where myocardial T2 and T2* were quantified in a large population of thalassemia patients (41) . More importantly, it demonstrated the strong and linear correlation between T2* and T2 in iron overloaded hearts at 3T with T2* Յ 12 ms. Note that this threshold of 12 ms was chosen to include the iron overloaded hearts based on a 1.5T T2* threshold for heart iron overload previously determined (20 ms) (7, 41) and the 3T T2* over 1.5T T2* slope measured in the current study (Fig. 7c) . At 3T, myocardial T2* dramatically shortened by approximately 40%, which was largely consistent with a recent study (ϳ44%) using a breathhold bright-blood MEGE sequence (29) . Such reduction in T2* makes it technically challenging to use T2* as an iron overload index at 3T where the shortest echo time and echo spacing can be limited by the peak RF power and gradient strength. In the current study, myocardial T2* was too short to be reliably determined in six patients with severe iron overload using the first echo time 1.56 ms and echo spacing 1.0 ms. Note that both the first echo time and echo spacing could potentially be optimized by use of short self-refocusing RF pulse and high sampling bandwidth at expense of high gradient strength requirement, SNR reduction and slice profile degradation. Furthermore, as shown in Figure 6 , T2* maps were generally observed to be more inhomogeneous than the corresponding T2 maps. Although uneven iron deposition in myocardium has been reported in several biopsy and autopsy studies (42, 43) , this discrepancy in uniformity more likely resulted from the increased susceptibility-and shimming-related T2* effects in the region, underscoring the challenge facing the myocardial T2* mapping at 3T.
In this study, myocardial T2 at 3T in normal subjects was found to decrease by approximately 30% compared with that (56.9 Ϯ 8.4 ms) reported for 1.5T (14) . Among the patients studied, T2 values at 3T were found to be much lower than their 1.5T values, particularly in pa- tients with iron overload in the heart (see Fig. 7d ). In addition, an approximately linear correlation was observed between these 3T and 1.5T T2 values but with a large and negative intercept. Note that it remains unclear from the current study whether 3T can produce more reliable myocardial T2 measurement. Singlebreathhold acquisition is known to provide more accurate and reproducible measurement than free-breathing acquisition because of its much reduced vulnerability to motion. SNR increase at 3T can facilitate the acceleration of breathhold acquisition sequence by use of large SENSE factor and half-Fourier sampling as demonstrated in the current study. Such reduction of breathhold time can be a major advantage in patient study, likely leading to more patient comfort and reliable measurements at 3T. On the other hand, T2 shortening at 3T decreases SNR. The B1 inhomogeneity in the heart region can potentially compromise myocardial T2 quantitation. Furthermore, the substantially increased SAR at 3T limits the maximum number of RF echoes and slices per acquisition.
In conclusion, we demonstrated the feasibility of measuring myocardial T2 at 3T for the first time in both normal subjects and iron overloaded patients. We investigated the myocardial and liver T2, together with T2*. The results demonstrated close correlations between 3T and 1.5T measurements, indicating that myocardial and liver T2 can be measured at 3T as an indicator for iron overload. Because T2* at high field decreases substantially and its quantitation is vulnerable to increased B0 inhomogeneity, the rapid myocardial T2 measurement protocol demonstrated in this study can constitute a robust alternative to the traditional T2* measurement for assessment of cardiac iron overload at 3T. To fulfill this promise, large-scale, multicenter and serial measurements of cardiac T2 using 3T scanners with this protocol and correlation with clinical features and treatment outcomes are needed.
